The dipole moments of the transition states of zwitterion formation can be evaluated.
INTRODUCTION
Despite many common features, physicists and chemists differ in their way of thinking. The physicist tends to isolate a phenomenon, focusing it and investigating its pure and untainted manifestation. The chemist, however, is accustomed to deal with the complexity of intertwined phenomena. Something as intricate, mingled and knotty as chemical reactivity would drive a physicist to despair. The chemist patiently attempts to disentangle the complexity with the never-ending optimism that the final result will be clear and straight.
In particular, it is the chemist's inclination to simplify and to be satisfied with approximations, thus arousing the distrust of his colleague from physics. The way the chemist has tackled with the problem of the solvent dependence of rate may serve as an example par excellence.
The knowledge of the fact thaf the rate constant is influenced by the nature of the solvent, is no novelty. When running reactions on a preparative or even industrial scale, the optimal choice of the solvent is of prime importance. Not all reactions respond in the same way in their rates to the change of the solvent; the stunning differences pose a fascinating theoretical problem.
The rate constant is determined by the free energy difference between reactants and transition state.
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Changes of solute-solvent interaction during activation will influence the rate constant. Reactions which are accompanied by an increase of charge separation in their activation process are accelerated in solvents of increasing polarity. Charge separation and polarity of the solute find a numerical scale in the dipole moment, although not a fully adequate one; the dipole moment does not reflect the degree of charge dissipation. The term "solvent polarity', however, lacks clarity to such an extent that the above statement is not explanatory, but rather could be used as a definition of solvent polarity.
No physical constant can be procured as a simple measure of solvent polarity. Many phenomena contribute : Coulombic forces, dipole-dipole attraction, dispersion forces, hydrogen-bonding , electrophilic and nucleophilic interaction etc. Organic and inorganic chemists have introduced impirical scales of solvent polarity which are based on rates, equilibria or spectroscopic phenomena. Albeit it was not fully understood what solvent polarity and solvat ion mean, the solvent dependence of rate has been applied as a mechanistic criterion. In the energy profile of Scheme 1 the solid curve may refer to the nonpolar medium. The broken line for the highly polar solvent illustrates the lower activation barriers. The charge separation reaches a maximum for the fully developed zwitterion which holds its brief siesta in the trough. The distance between the two energy profiles should attain its greatest value here. The material arriving in the dip is quickly partitioned into the competing pathways of dissociation back to the reactants and ring closure to the cyclobutane. Both of these exothermic reactions of the zwitterion have early transition states which are structurally still close to the zwitterion itself. The decreases of charge separation should be moderate and similar when the zwitterion climbs the activation barriers of dissociation and cyclization. The pertinent rate constants, k1and kc occur in a fraction; another reason for expecting the partition coefficient to show a small or zero dependence on solvent polarity.
2+2 CYCLOADDITIONS OF TCNE AND ENOL ETHERS
Most of the charge separation will take place in the ascending portion of the energy profile which ranges from the reactants to the transition state; this portion is subject to the high influence of solvent polarity.
Thus, the lowering of the first high barrier is responsible for the greater cycloaddition rate in the polar solvent.
Why does one assume equal heights for the two barriers which surround the trough of the zwitterion?
Experiments with the cis,trans isomeric 1-butenyl ethyl ethers furnish the rate ratio of rvl for dissociation and cyclization of the zwitterion in acetonitrile (Ref.
2). We will assume that the barrier heights are not much different in the example of ethyl isobutenyl ether, i.e., the partition coefficient would be in the region of 0.5. The log k2 values measured in ten solvents (Ref. 3, 8) are plotted in Fig. versus the parameter E1 and define a straight line of fair quality. The correlation coefficient -r2 is used to make the deviation from 1.Obetter visible -amounts to 0.97.
Rate measurements of TCNE cycloadditions to anethole, vinyl butyl ether and cis-propenyl ethyl sulfide were likewise carried our in ten solvents (Fig. 2, Ref. 5,9 ). Here too, lo k2 entertains relations of tolerable Cycloaddition mechanism and the solvent dependence of rate 2287 linearity with the empirical parameter ET.
In Table 2 The experimental second-order rate constant now contains a partition coefficient which is made up from the rate constants of three competing reactions. Under the assumptions stated in Scheme 2, one expects a partition coefficient of roughly 0.8, not a dramatic change compared with 0.5 in acetonitrilè.
Thus, the log k2 values in alcohols should still fulfil the linear relation with the empirical parameter ET.
The small table in Scheme 2 reveals an irritating discrepancy. Although the ET values of ethanol and methanol are substantially higher than that of acetonitrile, the second-order overall rate constants are smaller.
The inclusion of the alcohol values in the linear regression spoils the plot; the correlation coefficient drops to 0.73 (Fig. 3) . At such occasions chemists will remember bow complex a function solvation is. slightly immoral recipe is to limit the relation to a certain group of solvents, for instance non-hydroxylic ones in the given example. The game reminds of 'corriger Ia fortune" and its wide usage is no consolation.
Is chemistry too difficult for chemists?
On should not fall a victim to the simplistic approach of expressing the intricate network of physical phenomena by a single solvent parameter. Any empirical measure of solvent polarity is based on a model system.
Linear correlations can only be expected as long as the solvent influence on the studied system closely conforms with that of the model. Table 3 The ± values indicate the standard deviations. For P and E the standard deviation is larger than the regression coefficient; this means that these parameters do not contribute noticeably to the quality of the fit.
The four parameters have different scales and dimensions. Normalization supplies the influence of the solvent parameters percentage-wise. Indeed, the polarizability parameter P and the electrophilic solvating power E can be neglected. The remaining two solvent parameters are the polarization effect Y and -to a les- The reason why this equation hardly ever has been applied for that purpose appears evident. The expression deals with the purely electrostatic interaction, and the specific solvent-solute interplay is neglected;
as a rule, the relation is bound to fail. However, the 2 + 2,cycloaddition of TCNE to enol ethers reveals a strong predominance of the non-specific polarization effect Y in its solvent dependence of the rate con- The comparison with estimated dipole moments of the zwitterions is based on their gauche structure. The oxonium oxygen was taken as the positive center of the dipole, whereas the negative one is projected into SOLVENT DEPENDENCE OF CONCERTED CYCLOADDITIONS (Table 6 , Ref. 19 ). There appears to be a slight 4ncrease of the rate constants by a factor of 2 when one enhances the solvent polarity substantially by going from toluene to N, N-dimethylformamide. 9.33
The cycloadditions of phenyldiazomethane to acrylic ester and to norbomene were measured over the full range of solvent polarity ( Seven experiments were run in acetonitrile as solvent. The ratios of four-membered to six-membered ring products indeed determine a linear function of the inverse dimethylketene concentration (Fig. 7) . Thus, the competition of unimolecular ring closure and bimolecular adduct formation is a reality. That the straight There is only one reasonable explanation: 44 % of the cyclobutanone must be generated bya second pathway in which the material does not become exposed to the competition with bimolecular -lactone formation.
That two reactants -in our example dimethylketene and N-isobutenylpyrrolidine -furnish one and the same product by two different pathways is not a unique phenomenon in organic chemistry. What is the second reaction? Probably the scheme has to be supplemented by an additional step, namely the direct formation of the cyclobutanone from ketene and enamine by the concerted (2 + 2)
route. This pathway is delineated in Scheme 5 for ketene plus enol ether. 'i Zwitter-
The rate constant kC in Scheme 8 refers to the one-step cycloaddition whereas the two-step reaction pro- Kinetic results never prove a conjectured mechanism, but establish compatibility at best. Enamine and dimethylketene enter into parallel reactions with the ratio kc / k1 as disclosed by the intercept. One branch is connected with a second set of parallel reactions, which produce cyclobutanone and -lactone, respecti- vely. However, any statement about the mechanistic nature of the pathways will be disGredited as science fiction by the puritan in kinetics. Here the influence of solvent polarity proves helpful (Ref. 32).
The first and second figure columns of Table 9 indicate that with increasing solvent polarity the percentage of the one-step mechanism decreases in fdvor of the two-step mechanism which rises from 8 % in cyclohexane to 56 % in acetonitrile. Thus, the two-step mechanism via k1 involves a higher charge separation than the branch with kc.
Overall Rate: -= /ccED + k1ED (1+k +k2D)
For k, >> k20 : -= (k + k1) ED = k2overQL ED (4) Photometric measurement of dimethylketene consumption furnished the overall rate constants for the interaction with N-isobutenylpyrrolidine in various solvents ( Table 9 ). The rate equation (3) displaya complex dependence on D, the dimethylketene concentration; E denotes the concentration of enamine. Due to a low initial concentration of dimethylketene in the rate measurements, k1 becomes larger than k2D and eq. (3) simplifies to the second order eq. (4) with good approximation. The overall k2 values are now divided into the partial rate constants kc and k1 according to their percentage contributions. Obviously, k1 increases much faster than kc with rising solvent polarity ( Table 9 ).
2.0- ET(kCQl mo [1) The squares in the diagram of Fig. 9 are the logarithms of the overall rate constants k2. They increase continuously with the ET values, but not in a linear mode. The circles are the logarithmic rate ratios i.e., zwitterion formation and concerted pathway; their increase with ET is linear -except for the cyclohexane value -and indicates that k1 is more sensitive to solvent polarity than kc.
The rate constant kc is in acetonitrile 37 times larger than in cyclohexene. That suits the concerted mechanism (2 + 2) with its partial charges in the transition state. The 540-fold acceleration of k1signals a greater charge separation during the activation process, well in accordance with the assumed zwitterion formation (Table 10 ). and critical attitude. One-step processes pose much less of a problem than complex reactions, to which two of the three model reactions discussed above belong. A reasonable idea about the energy profile is indispensible for the treatment of complex reactions. In consecutive reactions, the relative height of the activation barriers of the first and second step has to be considered, because solvent influences may compensate.
Of course, large and small effects of solvent polarity on rate are more conclusive than values of the middle range. In the elucidation of reaction mechanisms, the solvent dependence should always be used in conjunction with other diagnostic tools.
